Hydraulic conductivity quantifies the efficiency of a plant to transport water from root to shoot and is a major constriction on leaf gas exchange physiology. Mulberry (Morus spp.) is the most economically important crop for sericulture industry. In this study, we demonstrate a finely coordinated control of hydraulic dynamics on leaf gas exchange characteristics in 1-year-old field-grown mulberry genotypes (Selection-13 (S13); Kollegal Local (KL) and Kanva-2 (K2)) subjected to water stress by withholding water for 20 days and subsequent recovery for 7 days. Significant variations among three mulberry genotypes have been recorded in net photosynthetic rates (P n ), stomatal conductance and sap flow rate, as well as hydraulic conductivity in stem (K S ) and leaf (K L ). Among three genotypes, S13 showed significantly high rates of P n , K S and K L both in control as well as during drought stress (DS) and recovery, providing evidence for superior drought-adaptive strategies. The plant water hydraulics-photosynthesis interplay was finely coordinated with the expression of certain key aquaporins (AQPs) in roots and leaves. Our data clearly demonstrate that expression of certain AQPs play a crucial role in hydraulic dynamics and photosynthetic carbon assimilation during DS and recovery, which could be effectively targeted towards mulberry improvement programs for drought adaptation.
Introduction
The current scenario of global climate change has been changing the precipitation patterns of many regions of the worldwide, with the predicted outcome of more frequent and prolonged severe drought events (IPCC 2013) . Drought is known to affect various physiological processes leading to decreased photo-assimilation, which ultimately affects the growth and survivability of plants (Pou et al. 2013 , Nolf et al. 2015 . However, drought-tolerant (DT) mesophytic plants have shown better photosynthetic performance even under prolonged drier conditions, which in turn is associated with increased survivability, growth rates and better yields than for drought stress (DS) plants. Thus, it is highly crucial to determine specific mechanisms conferring DT that could be targeted for various yield improvement programs under water deficit regimes. Further, DT can influence the ability of plants to survive and recover from drought, which varies among plant species as well as genotypes belonging to the same species (Martorell et al. 2014) . Among various factors conferring DT, hydraulic dynamics, the efficiency of water transport through stem or leaves, are highly crucial as the hydraulic compatibility between plant and environment under water stress (WS) conditions determines the plant survivability (Pivovaroff et al. 2014) . Further, changes in hydraulic dynamics are known to be regulated by the xylem integrity and hydraulic architecture (Sperry et al. 2002 , Addington et al. 2006 . During severe drought, plants adjust their hydraulic architecture by altering the root and shoot growth; while under moderate drought, plant hydraulic conductivity and stomatal regulation together determine the drought responses in higher plants (Brodribb and Holbrook 2006 , Pou et al. 2013 , Locke and Ort 2014 .
Previous studies have demonstrated that increased negative water potential during severe drought enhances stomatal closure and xylem cavitation (Brodribb and Cochard 2009 ). Therefore, maintenance of plant water potential within the threshold range can avoid extensive xylem embolism and drought-induced mortality (Martorell et al. 2014) . Plant mortality under severe drought conditions can be explained by two interdependent mechanisms; the first one is hydraulic failure hypothesis, which suggests that decreased soil water supply as well as greater evaporative demand create extensive cavitation in xylem conduits preventing water flow and leading to plant tissue desiccation and cellular death (Brodribb and Cochard 2009 , Choat 2013 , Urli et al. 2013 . The second mechanism is carbon starvation and stomatal closure to prevent hydraulic failure, reducing photosynthetic carbon uptake significantly, which may be eventually linked with reduced synthesis as well as increased depletion of stored carbon reserves (Sala et al. 2010) . However, recent studies showed an evidence that the hydraulic failure hypothesis played a predominant role in tree mortality under water deficit environments (Nardini et al. 2013 , Pou et al. 2013 , Quirk et al. 2013 . Further, changes in hydraulic conductivity under WS were positively correlated with changes in leaf gas exchange characteristics (Hubbard et al. 2001 , Cochard et al. 2002 . In addition to the above, plants can refill embolized vessels during recovery with sufficient soil water availability after prolonged drought periods, and this recovery can be completed within a few hours in contrast to the longer time intervals required to grow new active xylem Cochard 2009, Martorell et al. 2014) . Plants that are less vulnerable to embolism formation during severe drought conditions are considered as DT while plants that are more susceptible to embolism formation are considered as DS (Costa et al. 2004 , Martorell et al. 2014 .
At the cellular level, water transport is known to be regulated by the activity of water channels termed as aquaporins (AQPs), which belong to the family of major intrinsic proteins (MIPs). Among different AQPs, plasma membrane intrinsic proteins (PIPs) and tonoplast intrinsic proteins (TIPs) have been reported as the functional water channels (Alexandersson et al. 2005) . Nevertheless, PIPs and TIPs were highly involved in the water transport in both leaves and in roots (Suga and Maeshima 2004 , Matsumoto et al. 2009 , Olaetxea et al. 2015 . Moreover, PIP1 aquaporins are known to form heterotetramers with PIP2s to enhance the water transport activity (Fetter et al. 2004 , Zelazny et al. 2007 ). Gene expression studies in different plant species showed inconsistent expression patterns (both up-and downregulation) of AQPs under WS (Alexandersson et al. 2005) . Some reports suggest that upregulation of AQPs under various abiotic stress factors influences the tolerance characteristics, shoot hydraulic conductivity and plant recovery rates in certain transgenic plants (Parent et al. 2009 , Postarie et al. 2010 , Hu et al. 2012 , Wang et al. 2014 . Postarie et al. (2010) demonstrated that variation in AQP gene expression regulates plant water permeability and formation of embolisms in xylem during low water regimes. In contrast to the above, overexpression of PIP1 gene in tobacco caused faster wilting of the transgenic plants when compared with the wild-type during WS (Aharon et al. 2003) . Such diversified responses observed in different studies in terms of overexpression of AQPs clearly demonstrated that drought tolerance mechanisms vary among plant species, genotypes and functional groups.
In this study, we selected mulberry (Morus spp.) as a model plant since mulberry genotypes have shown contrasting responses, including tolerance and susceptibility, to WS. Hence, evaluating the comparative responses of contrasting DT mulberry genotypes could be the better choice to identify the traits that confer DT mechanisms. Previous studies on drought responses in mulberry genotypes were mostly confined to changes in photosynthetic leaf gas exchange physiology, biomass yields and anti-oxidant defense mechanisms (Guha et al. 2010a , 2010b . However, very little is known on the effects of WS on hydraulic dynamics and photosynthetic assimilation patterns in contrasting DT mulberry genotypes. In this study, three mulberry genotypes with differences in DT were selected to investigate the changes in hydraulic dynamics along with photosynthetic leaf gas exchange physiology under progressive drought as well as during recovery. We also evaluated the variations in expression of both leaf and root AQPs in contrasting DT mulberry genotypes during progressive drought stress and recovery.
Materials and methods

Experimental materials and climatic conditions
Mulberry (Morus spp.) is a fast-growing perennial and economically important tree, significantly cultivated in Southeast Asian countries for sericultural, horticultural, industrial, pharmaceutical and ornamental purposes. Of late, mulberry has been gaining importance as a forage crop for animal husbandry in Asian and European countries. Further, it is considered as a potential bioenergy crop for short rotation forestry due to its rapid growth, and is projected to be well-suited for future climatic conditions to mitigate rising CO 2 levels even under extended drought environments that are predicted to prevail under future climate change scenarios (Sekhar et al. 2014 (Sekhar et al. , 2015 (Sekhar et al. , 2017 . The present study was conducted in the botanical gardens of the University of Hyderabad, located 20 km north of Hyderabad metropolitan city, Telangana state, India (17.3°10′N and 78°23′E at an altitude of 542.6 m above mean sea level). The average air temperatures and relative humidity during day time were 33-41°C and 55-60% respectively. We selected a drought-tolerant (S13), a moderate tolerant (KL) and a droughtsensitive genotype (K2) of mulberry based on their photosynthetic performances during stress conditions as reported previously. All samplings and measurements were executed for two consecutive years (2014 and 2015) , covering two summer seasons. All the three genotypes were grown under field conditions for 1 year up to
Tree Physiology Online at http://www.treephys.oxfordjournals.org a height of around 200-250 cm; hydraulic measurements were recorded at 130-150 cm above ground level with a stem diameter of 2-3 cm. Experimental saplings were arranged in experimental plots of 8 m × 8 m following a completely randomized block design with four plants for each genotype. One-year-old plants were subjected to well watered (WW) and WS treatments. Well watered plants/plots were maintained at 100% soil moisture content, and stress-treated plots were exposed to natural drought (complete water withholding) for 20 days. Drought-stressed plants were rewatered for recovery studies after 20 days of drought stress and plants were irrigated for 1 week for stress recovery (REC). All the measurements were recorded for 3 days at each representative time point in four (n = 4) plants per each genotype at 0 days after stress (DAS), 10 DAS, 20 DAS and REC to avoid experimental errors.
Leaf water status
Leaf water status in mulberry genotypes was determined by evaluating the relative water content (RWC) and leaf moisture content (LMC). Fresh leaf discs were collected from WW, WS and REC plants between 10:00 and 11:00 h and weighed immediately. They were re-hydrated by immersing in distilled water in a glass beaker covered with aluminum foil, kept for 24 h at 4°C, then weighed for turgid weight and subsequently dried for 24 h at 105°C for dry weight. Leaf RWC was calculated as:
where FW is fresh weight of leaf discs, TW is the turgid weight after rehydration for 24 h and DW is dry weight of leaf discs. Leaf moisture content (LMC) was determined with the formula:
Leaf and xylem water potential
We measured stem xylem water potential (Ψ X ; MPa) by using a commercially available psychrometer (PSY; ICT International, Armidale, Australia) (Dixon and Downey 2013) . PSY was installed on to the stem at 100 cm above the ground to record stem xylem water potential. Similarly, leaf water potential (predawn, Ψ pd and midday Ψ md ; MPa) was measured with PSY on fully matured and young leaves, which were used previously for leaf gas exchange measurements, assuming that measurement of Ψ pd is an estimate of soil water potential (Costa et al. 2004 ). Stem and leaf Ψ were recorded for every 10 min of time interval in WW, WS and REC plants in between 10:00 and 13:00 h.
Sap flow and hydraulic conductance
Stem xylem water potential was measured by using stem psychrometers (PYS, ICT International) (Dixon and Downey 2013) ; the distance between two PSYs was maintained constantly for all genotypes. PSYs can measure Ψ X at two positions of the stem (Ψ in and Ψ out ). We obtained the xylem sap flow rate (F; kg h −1 ) by the heat ratio method (Burgess et al. 2001) using a commercially available sap flow meter (Model: SFM; ICT International) (Burgess and Downey 2014) . SFM was installed on to stems at 150 cm height and maintained constantly for all three genotypes. All measurements were recorded between 10:00 and 13:00 h at 10 min time intervals. Stem hydraulic conductivity was calculated as:
where F is the sap flow rate (kg s
), L is the distance between two PSY (m), Ψ in is water potential at inlet (MPa) and Ψ out is the water potential at outlet (MPa) (Pivovaroff et al. 2014) . In addition to the above, leaf hydraulic conductance (K L ) was also determined by using transpiration rates measured with a leaf gas analyzer and the water potential differences of leaf and xylem; K L was calculated according to Ohm's Law as:
where E is transpiration rate (mmol m
), Ψ md is midday leaf water potential (MPa) and Ψ X is xylem water potential (MPa) (Martorell et al. 2014 ).
Leaf gas exchange parameters and water-use efficiency
All measurements were recorded periodically from the 0th day to 20 days after treatment on fully expanded young leaves in the third or fourth position from the shoot apex. Net photosynthetic rates (P n ; μmol m −2 s ) were measured in WW and WS plants between 10:00 and 11:00 h using a portable infra-red gas analyzer (IRGA, LC pro-32,070; ADC Bioscientific Ltd, Hoddesdon, UK), which was equipped with a broad leaf chamber. A leaf was placed in the leaf chamber, and allowed to adjust for 2-3 min to the new microclimate until the measurements were stabilized. The following conditions were maintained throughout the experiment: saturating photosynthetically active radiation of 1600 μmol (photon) m 
Analysis of aquaporin gene expression patterns by qRT-PCR
Aquaporin gene expression studies were carried out by quantitative real-time PCR (qRT-PCR) using Eppendorf Realpex Master Cycler (Eppendorf, Hamburg, Germany) using KAPA SYBR GREEN FAST Mastermix (2X) Universal (KAPA Bio system, Wilmington, MA, USA). Gene-specific primers were designed based on the existing draft genome sequence of Morus notabilis (He et al. 2013 ). These primers were checked for their amplification through PCR. Further, the same primers were used for gene expression studies (Table 1) . Actin was used as the reference gene for internal standardization for both root and leaf samples because actin showed less variation among the treatments and genotypes. Quantification of gene expression was calculated by comparing the cycle threshold (C t ) value to reference gene. Relative quantification was evaluated by using 2 −ΔΔCt method (Livak and Schmittgen 2001) . Both tissue samples (leaf and root) were normalized to the ΔC t values of reference gene to get a,
The final expression levels were evaluated using the formula,
Ct treated Ct control
The gene expression studies were done (during 2 years) twice in triplicates to avoid the experimental errors. Gene expression fold changes have been converted in to logarithmic (log 2 ) values.
Statistical analysis
All the data on photosynthetic physiology and hydraulic dynamic parameters were represented as mean ± standard error (n = 4). A significant difference among genotypes and treatments was established by using Holm-Sidak method with analysis of variance (ANOVA) by statistical software Sigma Plot 11.0. Relationship between leaf gas exchange and plant hydraulic variables were plotted using statistical package Excel 2010. Correlations between parameters were evaluated by calculating simple linear correlation coefficient of determinations (r 2 ).
Results
Plant water status
Low soil water availability reduced leaf water status in selected mulberry genotypes (Table 2 ) with respect to their controls, manifested as reduced LMC and RWC. However, the DT S13 genotype showed better LMC and RWC, followed by KL and K2, at 20 DAS. There was no significant variation in Ψ pd among the three mulberry genotypes under WW conditions, and all three mulberry genotypes maintained more or less the same Ψ pd of −0.6 MPa throughout the experiment. During WS, Ψ pd was significantly reduced from −0.6 MPa to −1.4, −1.75 and −2.35 MPa in S13, KL and K2, respectively ( Figure 1a) . Consistent with Ψ pd , there was not much variation in Ψ md under control conditions among the mulberry genotypes, but Ψ md was gradually reduced with increasing stress intensity. At 20 DAS, recorded Ψ md values were −2.35, −2.75 and −3.02 MPa in S13, KL and K2, respectively (Figure 1b) . Drought imposition significantly reduced the Ψ X compared with the control counterparts (Figure 1c ), but reduction was less in S13 (−1.96 MPa) followed by KL (−2.25 MPa) and K2 (−2.61 MPa). During recovery, S13 exhibited faster recovery manifested as restoring Ψ pd , Ψ md and Ψ X values compared with their WW counterparts after 7 days ( Figure 1) ; however, in K2, Ψ md was recovered to control levels while Ψ X was not restored. KL showed an intermediate response between S13 and K2 in all the characteristics that were associated with water relations ( Figure 1 ).
Photosynthetic leaf gas exchange parameters
Drought stress showed significant effects on photosynthetic gas exchange characteristics among the three mulberry genotypes (Figure 2 ). During WW conditions, K2 exhibited high rates of P n and g s (12.43 μmol m −2 s −1 and 0.582 mol m −2 s −1 ), followed by S13 and KL. At 10 DAS, P n and g s were declined by 14.6% and 24.1% in S13, whereas K2 showed a decrease of 53% and 52.4% compared with their respective controls (Figure 2a and b) . At 20 DAS, maximum reductions of P n and g s were observed in K2, by 82.5% and 83.6%, respectively, compared with their control counterparts. However, S13 maintained significantly higher rates of P n and g s even at 20 DAS when compared with KL and K2. Consistent with P n and g s , WS significantly decreased E in all three (Figure 2c ), but reduction was greater in K2 followed by KL and S13. At 20 DAS, E was decreased from 4.28 to 1.86 mmol m −2 s −1 (56%) in S13, whereas in K2, it was reduced from 4.76 to 1.13 mmol m −2 s −1 (76%). Leaf WUE i at 20 DAS was enhanced in S13 by 56% compared with their WW controls. In contrast to S13, K2 showed decreased WUE i of 9.5% at 10 DAS and 26% at 20 DAS compared with their control counterparts (Figure 2d ). After 1 week of rehydration, only S13 restored P n , g s and E similar to WW controls, whereas KL and K2 did not recover as compared with their respective WW controls (Figure 2 ).
Plant hydraulic parameters
Drought imposition significantly affected the hydraulic dynamics (K S , K L and F) in contrasting DT mulberry genotypes compared with their WW counterparts. Parameters including K S , K L and F declined linearly with increasing soil water deficit. However, Table 2 . Effect of progressive drought stress on leaf moisture content (LMC) and relative water content (RWC) in 1-year-old leaves of mulberry genotypes. Data represents mean ± SE (n = 4). reduction was more in K2 followed by KL and S13 at 20 DAS. During WW conditions, K S and K L were high in K2 when Ψ L and Ψ X were also high (Figure 3a and b) . However, at 10 DAS, K S was reduced by 22.4% in S13 while the same was reduced by 63% in K2. However, S13 maintained better K S (6.56 × 10 −5 kg
) compared with K2 (3.03 × 10 −5 kg m −1 s
) even at 20 DAS. Similarly, K L was reduced drastically during WS by 17% and 40% in S13 and K2 respectively. However, S13 showed higher values of K L compared with the other two genotypes (KL and K2) at 20 DAS. There was no significant variation in F during WW conditions among the genotypes; however, WS induced marked reductions in the F compared with their respective controls. F decreased from 0.286 to 0.181 kg h −1 in S13 with increasing stress level ( Figure 3c ) and K2 showed maximum reduction in F from 0.3 to 0.122 kg h −1
. Nevertheless, K2 and KL did not completely recover as revealed by data on hydraulic dynamics (K S , K L and F) after 1 week of rehydration, while S13 genotype showed complete recovery (Figure 3 ).
Correlation between hydraulic dynamics and photosynthesis
Photosynthetic characteristics (P n , g s , E) were strongly correlated with plant hydraulic characteristics (K S , K L ) as depicted in Figure 4 . P n , g s and E declined rapidly as plant hydraulic parameters decreased. Higher photosynthetic rates were observed during the initial stages of experiments when K S and K L were high. Both hydraulics and leaf gas exchange parameters decreased rapidly with increasing WS. The DS K2 showed rapid decline in hydraulics and gas exchange parameters at 10 DAS. However, DT S13 showed superior hydraulics and gas exchange characteristics compared with DS K2 even at 20 DAS. Similarly, changes in P n showed positive correlation with g s and E during the course of WS (see Figure S1 available as Supplementary Data at Tree Physiology Online). Plant hydraulic variables and WUE i were negatively correlated in S13 and KL, as indicated by the significant slopes of regression ( Figure 5 ). Increased WUE i during drought stress was mainly observed in S13 and KL genotypes, while they were reduced linearly with increasing drought stress in K2. Figure 2 . Changes in leaf gas exchange characteristics in three mulberry genotypes subjected to drought stress and recovery. Net photosynthetic rates (P n , a), stomatal conductance (g s , b), transpiration rates (E, c) and water-use efficiency (WUE i , d). Measurements were recorded on randomly selected fully expanded young third or fourth position leaves from the upper canopy. Values are mean ± standard error of the mean of four plants. Values with different letters indicate significant difference (P < 0.05, n = 10).
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Progressive drought induced changes in aquaporin expressions
We observed significant variations in the expression profiles of AQPs in both leaf and root tissues of contrasting DT mulberry genotypes during progressive drought as well as recovery (Figures 6  and 7) . Interestingly, some AQPs were expressed in leaf but not in root, while some were expressed in root but not in leaf and a few were expressed in both leaf and root. Similarly, few AQPs were expressed during drought but not in recovery or vice versa, and some were expressed in both drought as well as recovery. The DT S13 showed upregulation of PIP1.1, PIP2.1, PIP2.2 and PIP2.7 at 20 DAS in leaves when compared with DS K2. Similarly, PIP1.1, PIP2.2 and PIP2.7 showed an increase in their expression levels during recovery in DT S13 with respect to DS K2. In case of TIPs, TIP1.3 and TIP2.1 were downregulated and TIP4.1 upregulated in leaves of S13 at 20 DAS; however, during recovery TIP1.3 and TIP2.1 were upregulated in S13 compared with K2. In contrast to leaf, PIP2.1, PIP2.7, TIP1.3, TIP2.1 and TIP4.1 were upregulated in root tissue of S13 during drought, whereas PIP1.1, PIP2.2, TIP2.3 and TIP2.4 were upregulated in root tissue during recovery with respect to DS K2. The remaining PIPs and TIPs aquaporin isoforms showed increased expression levels in DS K2 compared with their DT S13 counterparts.
Discussion
Plant water status plays a major regulatory switch for several physiological, biochemical and molecular responses. Drought stress induces hydraulic signals that will be communicated from roots to leaves via xylem, leading to symptoms of drought responses at both root and shoot levels (Sengupta et al. 2013) . The data on plant water status (Ψ pd , Ψ md , LMC and RWC) show that DT S13 is adapted to better water conservation and maintained more hydrated leaves, which possibly were associated with better photosynthetic performance even under prolonged dry conditions. Leaf turgor loss during water deficit conditions induces negative effects on photosynthetic performance, which further induced mesophyll conductance limitations to CO 2 (Chaitanya et al. 2003 , Reddy et al. 2004 . Consistent with the above, drought imposition caused significant decrease in P n in all the three mulberry genotypes. However, DT S13 showed better P n at 20 DAS followed by KL and K2, demonstrating that leaf turgor loss proportionally influenced the photosynthetic performance and DT in mulberry. Our results showed that better P n in DT S13 at 20 DAS with respect to KL and K2 was correlated with greater inter cellular CO 2 concentration (C i ), favoring Rubisco's carboxylation resulting in less carbon starvation and delayed drought symptoms. Nevertheless, DT S13 showed significant increase in WUE i (P n /E) in spite of augmented E, suggesting that increased WUE i was mostly due to greater P n rather than reduced E.
In our study, drought imposition induced significant reduction in plant hydraulic conductivity characteristics including F, Ψ X , K S and K L , suggesting constrained water transport from soil to leaf in all three mulberry genotypes. Nevertheless, DT S13 showed less reduction in the aforementioned parameters at 20 DAS followed by KL and K2, inferring that DT S13 perceived less Tree Physiology Online at http://www.treephys.oxfordjournals.org drought symptoms due to better hydraulic safety resulting in greater photosynthetic performance even under prolonged dry conditions. Substantial decreases in F, Ψ X , K S and K L in DS K2 at 20 DAS may be attributed to the fact that these plants were more susceptible to xylem embolism formation, leading to early hydraulic failure and plant mortality under prolonged water deficit conditions. In the present study, DT S13 showed augmented g s , facilitating better CO 2 acquisition at 20 DAS, followed by KL and K2, which were directly related to better hydraulic conductivity (greater F, Ψ X , K S and K L ). Better water relations in DT S13 under water deficit conditions were most probably due to better rooting volume as shown in our previous study (Guha et al. 2010a) .
Our data showed that expression profiles of AQP genes were different between leaf and root tissues as well as during drought and recovery in contrasting DT mulberry genotypes, signifying tissue-specific expressions and functional variations. However, DT S13 showed higher transcript abundance of certain AQPs under severe stress conditions (20 DAS) as well as during recovery compared with DS K2, which may possibly be associated with better plant hydraulic conductivity and photosynthetic performance. Previously it was shown that reduced expression levels of PIP1 in tobacco resulted in reduced photosynthetic performance compared with their wild-types due to limitations in mesophyll conductance to CO 2 (g m ) (Flexas et al. 2006) , while others showed that overexpression of PIP1 in Arabidopsis stimulated photosynthetic performance even under unfavorable conditions (Aharon et al. 2003) . Further, coexpression of PIP1 and PIP2 increased the water permeability to several folds in Xenopus oocytes (Fetter et al. 2004) , suggesting that integration of PIP1 in the plasma membranes require PIP2 for effective water transport across the cells (Zelazny et al. 2007 ). In the present study, we noticed increased transcript abundance of PIP1 (PIP1.1) and PIP2 (PIP2.1, PIP2.2 and PIP2.7) in DT S13 leaves, which were positively associated with better water relations and photosynthetic performance even under prolonged drier conditions when compared with KL and K2. In addition, DT S13 leaves exhibited increased transcript expression levels of PIP1 and PIP2 even during recovery periods, suggesting that sufficient water availability should have modulated faster recovery. Increased expression levels of PIP1 and PIP2 in root tissues of DT S13 at 20 DAS and during recovery should have facilitated better transcellular water movement as well as increased water uptake, respectively (Javot et al. 2003 , Jang et al. 2013 . Similarly, increased expression levels of TIPs also confered tolerance to different abiotic stress factors (Wang et al. 2014) . Overexpression of TIP1 in Arabidopsis increased tolerance to drought stress by preventing water loss compared with their wild counterparts under water deficit conditions (MartinezBallesta and Carvajal 2014) . Moreover, overexpression of TIP2 Figure 6 . Transcript levels of eight aquaporin genes in leaf tissue of three mulberry genotypes subjected to drought stress. Samples were collected from control (CON) and at different times after stress treatment (10 DAS and 20 DAS). After 20 days of stress exposure, plants were re-watered for 7 days for recovery studies. Values are the geometric mean of four biological replicates normalized to one housekeeping gene Actin. Values are mean ± standard error of four biological replicates plants. *P (<0.001) indicates significant difference (one-way ANOVA).
Tree Physiology Volume 37, 2017 in Solanum lycopersicum regulated transpiration rates under stress conditions, resulting in better water-use efficiency (Martinez-Ballesta and Carvajal 2014). However, in some plants overexpression of certain AQPs exacerbated the stress symptoms leading to plant mortality, suggesting diversified roles of AQPs in the plant community against different abiotic stress factors (Afzal et al. 2016) . Nevertheless, in the present study, we observed that transcript abundance of certain TIPs, including TIP2.3 and TIP4.1, were upregulated in leaves under water deficit conditions in DT S13, implicating their possible role in water relations and photosynthetic performance even under extended drought conditions. In contrast, TIP1.3 and TIP2.1 transcripts were increased during recovery in DT S13 compared with their DS K2 counterparts, implicating their role in faster recovery after drought stress. In addition, transcripts including TIP1.3, TIP2.1 and TIP4.1 were upregulated in roots under drought conditions, while during recovery, TIP1.3, TIP2.1 and TIP2.3 showed increased expression levels, demonstrating their tissue-specific functional expressions.
Conclusion
Based on our results, we conclude that DT S13 mulberry genotype exhibited superior photosynthetic performance and hydraulic dynamics even under prolonged drought conditions when compared with KL and K2. Strong positive correlation was recorded between specific AQP expression patterns with changes in hydraulic dynamics and photosynthetic performance in contrasting DT mulberry genotypes during WS and recovery. Our data clearly demonstrated that modulations in the expression of certain specific AQPs could be linked to better photosynthetic performance even under extended drought stress conditions, which are expected to prevail more frequently under future climate change scenarios.
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